ABSTRACT: Following a n episode of Diarrhetic Shellfish Poisoning (DSP) in mussels Mytilus galloprovincialis from the Ria d e Pontevedra (Galicia, IWV Spain), produced by organisms of the genus Dinophysis [dinoflagellate), a batch of contaminated mussels was transplanted to several uncontaminated sites having different environmental condit~ons. The depuration kinetics of o k a d a~c acid (the dominant toxin involved in the episode) in each experimental mussel batch was monitored during a 70 d period, as were the corresponding salinity, temperature, fluorescence, light transmission and mussel body weight. Environmental conditions and body weight were shown to have an effect on depuration rates by principal component and multiple regression analysis. Although most of the variables studied showed a high degree of covariation, fluorescence and light transmission, which serve to measure the availability of solids and phytoplankton for mussels, appeared to have the most prominent effect on depuration. Four different models were tested in order to describe depuration kinetics: 1-and 2-compartment models, each in 2 versions, with and without the inclusion of the effects of the 4 environmental variables studied and body weight. The l-compartment model without the complementary variables did not give an appropriate descnpt~on of the kinetics, but when these \~ariables were included, the general fittlng was good and a pattern was found in the most important deviations. The simplest of the 2-compartment models fitted also produced an output that adequately described the kinetics observed However, attempts to estimate the parameters of 2-compartment models including the complementary variables consistently produced a l-compartment model The model chosen to describe depuration kinetics substantially influences the estlrnation of the effect of the environmental variables.
INTRODUCTION
Marine phycotoxins are becoming one of the major threats to aquaculture and particularly to bivalve cultures (Shumway & Cembella 1993) . There is a wide diversity of phycotoxins that differ in chemical structure and properties as well as in their biological activity. Their repercussions on aquaculture vary both geo-'E-mail: jblanco@cimacoron org graphically and temporally. Among the biologically active compounds, DSP (Diarrhetic Shellfish Poisoning) toxins are one of the most important types, because they are widely distributed and their episodes are usually long-lasting. The main toxins in this group are okadaic acid, DTX-1 (Murata et al. 1982) and DTX-2 , Blanco et al. 1995 , Gago et al. 1996 and their acyl-derivatives, formerly described as DTX-3 (Yasumoto et al. 1985 , Marr et al. 1992 , Fernandez et al. 1996 . These toxins have diarrheagenic effects (Yasumoto et al. 1978) and are tumor promoters (Fujiki et al. 1988 , Haystead et al. 1989 , Suganuma et al. 1989 . Even though these toxins do not cause mortality, morbidity is very high, and their presence in very small concentrations in bivalves makes them unsafe for human consumption. In most countries in which bivalve aquaculture is economically important, prolonged periods of shellfish contamination have led to great economic losses due to market bans.
Several approaches can be used to reduce the impact of DSP episodes. One is to reduce the importance of the toxic episode itself by reducing the contamination level and/or the duration of the depuration period, mainly by means of culture manipulation. Another possibility is to find a better management strategy for the culture by means of predicting the most likely duration of the episodes. Knowledge of both depuration kinetics and the effect of environmental conditions on depuration is essential to any of these approaches.
The depuration of several species of shellfish previously affected by DSP episodes has been studied by different authors. In some studies (Marcaillou-Le Baut et al. 1993 , Shumway & Cembella 1993 , a 2-step depuration curve was found, with high depuration rates during the first few days and much smaller rates afterwards. In other cases (Croci et al. 1994 ), a unique depuration rate appears to exist for the whole depuration period. As in the case of PSP (Paralytic Shellfish Poisoning) toxins, these 2 responses can be described by 2-and l-compartment models, respectively (Silvert & Cembella 1995 , Blanco et al. 1997 . Blanco et al. (1995) have shown that a very simple l-compartment Fig 1. Expertmental sampling stations (Pt2, Pt3, Pt5 and Pt6) in the Ria de Atousa, Spain, and ongln of the contaminated mussels Mytllus galloprovincialis (Ria de Pontevedra, Bueu) model can reasonably describe some DSP episodes in Galicia (Spain), but more complex models have not been tested.
The effect of the environmental conditions on depuration has not been directly evaluated. It is generally assumed that low temperatures lead to low depuration rates (Shumway & Cernbella 1993) but no strong evidence of this fact exists. Differences m depuration. rates between mussels maintained in a culture pond and at sea have also been shown (Marcaillou-Le Baut et al. 1993 ) and they have been attributed to differences in food resources.
The purpose of this work was to check the adequacy of 1-and 2-compartment models to describe the depuration kinetics of mussels Mytilus galloprovincialis affected by a Dinophysis acumnata and D. acuta episode in Galicia, and to study the effect of several environmental variables on the depuration rate.
MATERIALS AND METHODS
Experiment description and sample processing. In November 1994, mussels Mytilus galloprovincialis contaminated with DSP toxins (checked by HPLC, see 'Results') by a bloom of Dinophysis acuta and D. acuminata which had started i.n September and persisted on the date of sampling, were collected from Bueu (Ria de Pontevedra, Galicia, NW Spain; Fig. 1 ) and selected by shell length for an approximate size of 9 cm (mean = 9.057 cm; 95% confidence interval for the individual sizes = 7.817 to 10.297 cm). Finally, the mussels were randomly distributed among culture baskets (60 mussels each) with walls of 1 cm mesh that were distributed, also randomly, among 4 rafts (Pt 2, Pt 3, Pt 5 and Pt 6; Fig. 1 ) with 2 depths each (3 and 8 m), for a total of 8 sampling points, in the Ria de Arousa. Rafts and depths were chosen to minimize the covariation between salinity, temperature, fluorescence (as a measure of phytoplankton) and light transmission (as a measure of total seston volume) and also to offer a low probability of re-contamination. The choice was based on the analysis of weekly data obtained by the Centro de Control da Calidade do Medio Marino (Consellena de Pesca, Xunta de Galicia) for November and December of the 3 previous years. Re-contamination was avoided but the elimination of the covariation between variables was not achieved.
Mussels were sam.pled (15 individuals from every combination of sampling point and depth) on a weekly basis at first and, when the depuration slowed down, at variable intervals. Environmental conditions were sampled twice a week during most of the experiment with a CTD Sea-Bird 25 equipped with a Seatech Fluorometer and an integrated transmissometer Once in the laboratory, mussels were measured and weighed, and the 15 digestive glands pooled and homogenized. The DSP toxins contained in the homogenate were extracted and analyzed following the procedure given by Lee et al. (1987) .
The effect of the environmental conditions and body weight on the depuration rate was identified by Principal Component Analysis (PCA) and quantified by multiple regression with forward inclusion using the Minitab 11 Statistical Package. Fluorescence data were logarithmically transformed. Two types of regressions and PCAs were carried out: (1) general, using all data of the experiment (all depuration periods and all sampling points and depths) and (2) per depuration period, using the 8 sampling points from each individual sampling date. Unless otherwise noted all significant observations or comparisons had a significance level of 95 % (p 2 0.05).
Models. One-and two-compartment models, which have previously been used to descnbe PSP depuration kinetics (Blanco et al. 1997) , were also used in this study (Fig. 2) . In the 1-compartment model it was assumed that all toxicity in the digestive glands of the mussels has the same depuration kinetics. Two versions of this basic model were used: one in which the depuration rate was independent from the environmental variables and body weight (it was therefore a constant), and another in which depuration rate was considered to be a linear combination of the environmental variables considered in this study and of the body weight (it was therefore calculated by a regression equation). The 2 versions of the l-compartment model are formally described as follows:
Verslon 2-depuration rate linearly related with environmental variables and body weight
where DR = depuration rate (d-l), a to f are constants, Tox = okadaic acid concentration in the digestive gland (expressed as pg g-'), S = salinity (psu), T = temperature ("C), F = fluorescence (volts), Tr = transmittance (percentage of light transmitted) and Bw = body weight (g).
In the 2-compartment model it is also assumed that toxins are distributed in 2 compartments, the first having a fast and the second a slow depuration rate, and that a transfer from the first to the second compartment exists. The same 2 versions as in the l-compartment model (constant or dependent on the environment depuration rates) were used. The formulation of these 2-compartment models is as follows: 
where CR is the net transport rate from the first to the second compartment, numerical subscripts indicate compartment, and the remaining variables are as in the l-compartment model.
The models which did not include environmental variables were fitted to the data by minimizing the sum of squares of the residuals 'by varying iteratively the depuration rate in the case of the l-compartment model, or the depuration rates corresponding to each compartment, the transfer rate between compartments and the initial proportion of the toxin contents in the first compartment in the case of the 2-compartment model.
The effect of the environmental variables was included in the models by means of the regression equations that link these variables with the depuration rate. In the l-compartment model, only 1 regression is needed but in the 2-compartment model 1 regression for each compartment has to be estimated: one for the fast depurating and another for the slow depurating compartment (Compartments 1 and 2 respectively). All data obtained were used for fitting the regression needed for the l-compartment model. For the 2-compartment model, all data corresvondina to the first detoxification period were con- sidered to be mostly affected by the fast depuration compartment (as depuration rates in this period are the fastest in the experiment) and they were, therefore, used to fit the first regression. The last 3 depuration periods were considered to be mainly affected by the slow depurating compartment and were, therefore, used to fit the second regression. The environmental effect was also directly implemented in the 2-compartment model by means of including the 2 regressions in the model and afterwards allowing their coefficients to vary during the iterative fitting process described previously.
RESULTS

Environmental variables and body weight
The environmental conditions showed differences in both time and space. The temperature range throughout the period studied was 2.2"C, from approximately 13 to 15.Z°C. As is typical for a winter situation with thermal inversion, the surface had lower temperatures than the bottom. Salinity ranged from approximately 27 to 34.4 psu, Fluorescence and light transmission also showed great differences with both time and sampling point. Body weight also presented great differences and a slightly ascending general trend. Only for 2 out of the 8 sampling points was the final body weight lower than at the start, and these 2 points were also the ones with the greatest salinity oscillations during the period studied. A more detailed description of the environmental variables can be found in Blanco et al. (1997) .
Toxins, depuration rates and principal component analysis
Okadaic acid was the only toxin detected in relevant concentrations (4.93 pg g-' of digestive gland at the beginning of the experiment). Its depuration rate during this study ranged from 0.22 to 0.02 d-l (Fig. 3) . A decreasing trend for the first 4 depuration periods and stabilization from this point to the end of the experiment was observed.
The depuration curves observed showed an alternating pattern in which a low depuration rate followed a high one. This effect is probably due to the experimental error together with the calculation of the rates, since an observation that underestimates the real toxicity produces an overestimation of the previous rate and a subsequent underestimation of the following one. To partially avoid this problem we smoothed the data by means of averaging the observations corresponding to each 2 consecutive dates. We carried out the PCA and the regression analyses corresponding to the individual detoxification periods using these transformed data. In the analysis of the whole detoxification we used both smoothed and raw data.
Two groups of analysis were carried out. One included only the environmental variables and body weight, and the other also included the depuration rates. The first group (Figs. 4A, C & 5F to J) showed 2 principal components (PC) that account for most of the environmental and body weight variability. The envi- ronmental variables, with the exception of the global analysis of the experiment, were linked to 1 of the 2 extracted PCs (PC1 in most cases) and most of the body weight variability to the other. Salinity, temperature and light transmission were directly related to the PC that explained most of their variance, while fluorescence was inversely related. These 2 components accounted for most of the variation of the variables included in this study (82 to 89 % of the variance).
The second group of analyses showed how the variability of the depuration rates related to the common variation of the environmental variables and body weight (Figs. 4B, D & 5A to E) . The inclusion of the depuration rates as a new variable in the analyses did not substantially affect the principal components extracted, meaning that most of its variability was linked to that of the environmental variables and body weight. The depuration rate was, in general, related to a PC characterized by a high positive loading on temperature, salinity and light transmission, and a negative loading on fluorescence. This component was PC1 in the analyses carried out with each individual depuration period (Fig. 5A to E) and PC2 in the global analysis of the experiment (Fig. 4B, D) . In the cases where the depuration rate was not very well correlated with this component, it was related to the other PC extracted, which, in general, included the body weight, but was inversely related to the depuration rate. As in the previous group, most of the variability 
Fig. 6. Mytilus g~o p r o v i n d a h s .
Results of the forward inclusion multiple regression analysis of okadaic acid depuration rate with the environmental variables and mussel fresh body weight. T = temperature. S = sahnity, F = fluorescence (loganthmically transformed) and Tr = light transmission. 95% confidence limits for each coefficient and intercept are given below their cotresponding values. (A) and (C) Relationship between depuration observed and depuration predicted by regression (DR), using raw and 2-point moving averaged data, respectively. (B) and (D) Corresponding residual deviations for (A) and (C) (from 77 to 89 % of the total variance) was explained by the 2 PCs extracted.
General regression analysis
Salinity and temperature were the only variables significantly related to depuration rate by forward inclusion multiple regression (Fig. 6A) (with negative and positive coefficients, respectively). Individually, however, the logarithmically transformed fluorescence was the variable most correlated with the depuration rate.
As most of the variation can be explained by 2 PCs, one closely related to temperature, light transmission and body weight, and the other to fluorescence and salinity (the latter has a negative loading, Fig. 4A, C) it is impossible to discriminate between the effects of the individual variables. Temperature was the variable most correlated with th.e depuration rate among the 3 related to PC1 (temperature, light transmission and body weight). The effect of salinity, the variabIe most significantly related to depuration rate by regression among those related with PC2, has no apparent explanation. In view of this difficulty, we decided to check the possibility that the main factor responsible for this relationship was, in fact, fluorescence (the other varidble related to PC2), which was also the variable that showed the h~ghest correlation with the depuration rate when considered individually. When salinity was excluded from the analysis, the 2 significant variables were temperature and fluorescence, and the total explained variance was reduced by approximately 4 %. Both multiple regressions accounted for a small percentage of the total variance (33.9 and 28 9' 0 in the first and second cases respectively), and the corresponding residuals were found to be strongly affected by the sampling date, showing an alternating pattern (Fig. 6B) . As no relation was found between these residuals and the other factors studied, we attributed them to the errors in toxin quantification, ~nherent in the technique, that led to a situation whereby if one rate is overestimated the next one is underestimated. To partially avoid this problem, as in the case of PCA, we smoothed all the variables by means of a moving average of every 2 consecutive points. When the same kind of regression was fitted to the new data, light transmission and fluorescence were the only 2 significant contributors (Fig 6 C ) , both with posltive coefficients, accounting for 70.6% of the total variance. If light transmission was removed from the analysis, following the same criteria as previously with salinity, then temperature and fluorescence were the significant variables and the percentage of variance explained was reduced by only 1.4%. In this case, the alternating pattern of the residuals with the sampling date was also found, but was much less pronounced than in the analysis of the raw data (Fig. 6D) . Table 2 Results of the forward inclusion regression for the combination of each 2 consecutive sampling dates (moving average of the raw values). Sign (+ or -) of the coefficients when the variables (see Table 1 for definitions) were included in the regression is shown. ni: variables not included in the equation
2-point moving averages instead of raw data. Of the 5 periods obtained (1 period is lost in the calculation of the moving averages) 3 showed significant results ( Table 2 ). The negative relationship of depuration rate with salinity was the most relevant result. This variable shares most of its variation with temperature, light transmission and fluorescence, and ~t is consistently related to PC1 in the PCA corresponding to each date (Fig. 5) .
Model fitting Regression analysis for each sampling date
It was not possible to find any consistent relationship between the depuration rate in each depuration period and the environmental variables. In several periods, the depuration rate was not significantly related to any environmental variable and, in the cases where such a relationship was present, the variables involved and the signs of the corresponding coefficients showed no recognizable pattern ( Table 1) .
As noted in the previous section, the residuals of the regression showed a n alternating pattern, and we used All models fit the observed depuration quantitatively well, explaining 97, 96 and 99% of the variance (1-compartment, l-compartment with environmental variables and 2-compartment, respectively). Notwithstanding, they differed in the qualitative aspects of the fitting, which is shown by the way in which the residuals are distributed (Fig. 7) . The l-compartment model without environmental account did not correctly describe the final part of the depuration either in toxin content, which was underestimated (positive residuals, Fig. 7A ), or in trend, with the actual data showing a decreasing trend that was not observed in the response expected from the model (Fig. 8A) . When the results from the global regression between the depuration rate and the environmental variables were included, the model fit the observed data qualitatively better (Figs. 7B & 8B) , as is shown by the much more centered distribution of the residuals (Fig. ?B) , with the only exception being those corresponding to Day 7.
The 2-compartment model (without including the environmental variables and body weight) fit the actual data well (Figs. ?C & 9) The values obtained for the first sampling period were much closer to the observed values than in the 2 previous models and the residuals were falrly well centered. The estimated parameters for this model were a depuration rate for the first and second compartments of 0.17 and 0.10 d-',
Days of experiment
A One-compartment, independent of environment 0 One-compartment, rates depending on environment 0 Two-compartment, independent of environment Fig. 7 . Mytilus galloprovincialis. Residual deviations corresponding to the 3 depuration models fitted to the observed data. (A) l -compartment model independent of the environment, (B) l-compartment model including the effect of environment, and ( C ) 2-compartment model independent of the environmen t respectively, a transfer rate between Compartments 1 and 2 of 0.31 d-' and an initial contribution of toxins in the first compartment to the total of 99.9%. As mentioned in 'Materials and methods', we followed 2 different strategies to implement the effect of the environmental variables on the 2-compartment model. In both cases, after optimization, the parameters obtained caused the initial model to revert to a 1-compartment model because 100% of the initial toxicity was put in the first compartment and the transfer rate from Compartment 1 to Compartment 2 was estlmated to be zero. This indicates that all the depuration takes place in Compartment 1 and, therefore, that the model is a l-compartment model.
DISCUSSION
The depuration rates found in this study are very close to our previous estimates in the same area, although they were obtained by optimizing the fit of a contamination-depuration model (Blanco et al. 1995) . They were slightly lower than those found in other studies on Mytilus galloprovincialis such as those by Poletti et al. (1996) and Croci et al. (1994) for depuration using ozone (from nearly 0 to 0.27 d-l). MarcaillouLe Baut et al. (1993) also found lower depuration rates, 0.07 and 0.08 d-', for Mediterranean and Breton mussels respectively (in the latter case during the first 15 d and subsequently decreasing). From the PCA it would seem that, in general, the depuration rate was related to a group of variables that covary: temperature, salinity, light transmission and fluorescence; and also to body weight. Its inverse relationship with the PC in which temperature, light transmission and salinity had positive loadings and fluorescence negative, cannot be easily explained by temperature or salinity. Temperature, in the temperature range of this study, is expected to accelerate the metabolic processes and to increase the filtration rates in Mytllus edulis (Bayne et al. 1976 , Jsrgensen et al. 1990 , Riisgiird 1991 , Hawkins & Bayne 1992 , and it would presun~ably have a similar effect on Ad, galloprovincialis. Those effects would probably lead to an increase in depuration rates rather than to the reduction found in this study. A negative effect of this factor on depuration therefore seems unlikely. The global regression analysis showed a positive relationship between these 2 variables, as would be expected, but the regressions obtained for each sampling date and the already described PCA indicated a negative relationship The origin of this discrepancy seems to be the systematic decrease of temperature during the experiment. Due to this trend, the fastest depuration rates, which were characteristic of the early depuration period, were recorded simultaneously with the highest temperatures while the opposite situation was produced during later depuration. This trend did not affect the estimate of the effect of temperature when the individual depuration periods were analyzed and, therefore, in these individualized analyses, the actual effect of temperature and/or its covariates is estimated. Low salinity may have an effect, mainly through the decreasing of the osmotic pressure, but it also seems unlikely that it would affect the depuration of these kinds of compounds, which are lipid-soluble and which are highly likely to be bound to cellular components. Light transmission and fluorescence, however, may explain the effect of this group of variables. The former is inversely related to the seston concentration, in volume, and the latter to the phytoplankton concentration. The inverse relation of light transmission to depuration rate indicates that seston volume, and therefore the amount of food available for the mussels, may be a variable that actually affects the depuration process. The same conclusion may be drawn from fluorescence: its direct relationship with depuration rates also indicates that the phytoplankton concentration is involved in the regulation of the depuration rates. There is some evidence of the effect of phytoplankton concentration on the contamination-depuration kinetics of DSP toxins in mussels. The observations made by Sampayo et al. (1990) in several DSP episodes produced by Dinophysis spp, on the Portuguese coast suggest that depuration rates increase with phytoplankton concentration and also that, when the contribution of DSP producing species to the total phytoplankton bioinass is low, the contamination of mussels is slower than when it is high. As in the case of PSP toxins (Blanco et al. 1997) , we believe that phytoplankton concentration affects the process of depuration by increasing the digestive activity, which also leads to an increase in the metabolic fecal losses, thereby probably flushing out the bound toxins. These kinds of losses are made up mainly of remains of cells from the digestive gland tubules (Hawkins et al. 1990 ) which presumably had accumulated toxins and, in this way, are eliminated. As this mechanism may constitute as much as 60% of the organic matter in the feces (Hawkins et al. 1990) , it might be the main elimination mechanism of the toxins contained in the digestive gland.
A relationship between depuration rate and body weight can also be extracted from the PCA. This relationship was inverse and not fully supported by the regression analysis, in which different responses were found on different dates. In some cases body weight seems to have a positive effect on depuration. These cases may be explained by the toxin dilution effect demonstrated for PSP toxins by Bricelj et al. (1990) , and which is derived from the fact that, with constant toxin content, if the body wei.ght of the bivalves increases, then the toxin concentration per unit of weight decreases and also by the fact that larger mussels have larger metabolic fecal losses (Hawkins et al. 1990 ). Nonetheless, in most of the cases in this experiment, there was an inverse relation between depuration and body weight, and therefore it cannot be explained as described previously. In our opinion, this relation was produced by the higher depuration capability of small mussels as compared to larger specimens, as was found for domoic acid (Wohlgeschaffen et al. 1992) . The variation in mussel size due to the random sampling will probably allow for detection of this effect.
From our results it cannot be clearly concluded whether the DSP depuration in this species evolves following 1-or 2-compartment kinetics because the benefit obtained by fitting a 2-compartment model is partially overlapped by the effect of including the environmental variables in the model. It is obvious that the l-compartment model with a fixed depuration rate did not fit the actual data as well as the other 2 models, but the differences between the latter 2 models are not clear, with each having its strengths and its weaknesses. The l-compartment model with environmental variables included fit the peculiarities of each data set better. The 2-compartment model, on the other hand, fit the first depuration point in each data set better. In our opinion the l-compartment model that includes the environmental variables and body weight is more realistic than the 2-compartment model because its main drawback, the poor fitting of the first point of each data set, (1) coincides with an atypically low okadaic acid concentration for these points followed by similar or higher toxin contents on the next sampling date, and (2) seems to be derived from one or several unknown factors which were not monitored during the experiment, as it showed a pattern in which the deviation of the model was larger in the bottom (8 m) than in the surface samples (3 m) and followed the same station order at each depth, and also because DSP analyses are carried out on the digestive gland, and therefore the second compartment does not involve other organs and, thus, might comprise a smaller fraction of the analyzed biomass than in the case of PSP (Blanco et al. 1997 ).
Our inability to fit the 2-compartment model including environmental conditions may also be affected by the precision of the toxin quantification of the first depuration point, because very small errors might make impossible the discrimination between 2 models that fit so well. If this point has been significantly affected by random sampling or analytical errors, our estimation of the effect on these conditions on the first compartment would be inadequate and the model might be incorrectly tltted.
If we consider the 2-compartment model to be the most realistic, we niust conclude that the environmental variables have little or no importance in regulating the depuration, which is in contrast with the small distortion that the inclusion of the depuration rate induced on the components extracted by PCA. In this case, the 2 compartments would have depuration rates which are very different from each other and a very high transfer rate (0.3 d-l).
In conclusion, it would appear that environmental conditions, mainly through the amount of available food, affect the depuration kinetics of okadaic acid, but the real influence of these variables cannot be quantified if a depuration model is not previously assumed.
